Introduction
Applications of optical fibres doped with rare earth ions as an active laser medium greatly benefit from the availability of high power laser diodes arrays used as a pump source. Fibre lasers because of their distinctive properties, such as high amplification, low excitation threshold, high effi− ciency, excellent quality of laser beam and no necessity of cooling (except for extreme cases) are the subject of exten− sive research. Besides, the recent progress in that field resulted in applying them as one of the basic structures of solid−state lasers [1] [2] [3] [4] [5] [6] . The ability to accumulate energy by the active medium depends on its volume and concentration of the active dopant. Unfortunately, both these parameters are limited by technological conditions. In case of active fibres designed for construction of pulse radiation sources (mainly in the generation regime of nanoseconds) the reduc− tion of numerical aperture in order to increase the core diameter while preserving the condition of single mode operation, leads to considerable emission of energy accu− mulated in the core to the cladding. This is caused by the phenomenon of spontaneous emission [1] . Double−clad multi−core optical fibres open the door to constructing short− −length high−power fibre lasers. In fibres of this type, the accumulated number of active dopant ions is significantly greater than in a classical single−core optical fibre. This enables to increase the ability to accumulate energy by the active medium, thus facilitating the N−fold reduction of the fibre length (where N is the number of cores), necessary to absorb the pumping radiation. The basic problem of such a structure is, however, a low quality of the laser beam. The radiation intensity and the beam divergence in such a case change proportionally to the number of emitters. If radiation generated in particular cores is mutually coherent (phased), then the far−field diffraction pattern of the laser beam con− sists of a central high−intensity and low−divergence peak and symmetrical side lobes with considerably lower radia− tion intensity. The angular divergence of the central peak is reduced in proportion to the number of emitters (elements of the matrix) generating mutually coherent radiation [2] . In an ideal situation, assuming that the phase difference between particular emitters equals zero, the intensity of the major peak rises with the square of the number of emitters. A few solutions how to phase−locking radiation generated in fibre lasers have appeared lately in specialist literature, neverthe− less, the presented solutions were relatively complex and unstable because of temperature changes, vibrations, etc., and the power of the generated beam was at the level of milliwatts [4] [5] [6] [7] . The article analyses the possibility of applying multi−core optical fibres as the active material for constructing high−power fibre lasers generating mutually coherent radiation. The simulations carried out by the authors that aimed at checking the influence of the coupling between the cores on radiation phasing, and in consequence, on the far−field pattern, show a number of the possibilities of applying active multi−core optical fibres. The simulations of the influence of parameters of multi−core fibre on the far− −field diffraction pattern were also investigated.
Far-field pattern of active multi-core optical fibre
The arrangement of cores in the analysed multi−core optical fibre is shown in Fig. 1 . Such a structure has been chosen because of the desired shape of the far−field pattern. 
where k = 2p l l , is the wavelength, (x 0 ,y 0 ) and (x 1 ,y 1 ) are the points coordinates, respectively, image plane and z = 0 plane.
In the Fraunhofer diffraction region, the field in the observation point can be calculated as the product of the Fourier transform of the input function distribution U(x 1 ,y 1 ) and the phase function
The Fraunhofer diffraction equation can be treated as the two−dimensional Fourier transform. The intensity of the far−field pattern is proportional to the square of the field amplitude averaged in time U x y z ( , , ) 0 0 0 2 [5] . The far−field distribution, assuming lack of coherence between the radiation emitted from particular cores is shown in Fig.  3 . The radiation phase from each core is random. The far field diffraction pattern in the Fraunhofer diffraction region is determined according to Eq. (3).
In the far−field pattern, assuming that the radiation phase in each core is identical, the central peak intensity is much higher than in case of free running emitters (Fig. 3) . It should be noted, however, that the laser spot diameter is inversely proportional to the number of cores. Moreover, the value of the normalized frequency and the diameter of the cores have strong influence on the far−field pattern in the multi−core optical fibre (Figs. [3] [4] [5] [6] .
A significant rise in the central peak (supermode) inten− sity in relation to the side lobes can be attained through reduction of the normalized frequency to the value equal to V = 2, as well as by increasing diameters of the cores to 2r = 12 μm ( is shown in Fig. 6 . In comparison to optical fibres with parameters assumed beforehand (V = 2.4, 2r = 10 μm), it should be noted that both the central peak intensity and its relation to the radiation intensity of the side lobes are the highest. Besides, the amount of energy accumulated in the central peak is the largest of all the analysed cases. Assuming the mutual coherence of radiation generated in particular cores, the best quality of the beam in the Fraun− hofer diffraction region is obtained at possibly large diame− ters of the cores and at a possibly low value of the norma− lized frequency. Then, the amount of energy conducted in the supermode is the highest of all the considered cases. These conditions, from the technological point of view, are difficult to attain because of the necessity to produce the core and cladding glasses with a very subtle difference in refractive indices.
Active 5-core optical fibre in fibre laser system
Putting it simply, the process of generating radiation in a fibre laser requires determining time relations for quanti− ties characterizing energy (power) of the electromagnetic field (e.g. energy flux, photon flux circulating in a resona− tor) and for quantities characterizing energy accumulated in the active medium (amplification factor, population inver− sion of the active medium). Within the scope of the energy description of the nonstationary laser generation a flux model has been used, in which two photon fluxes J + and J -propagating in opposite directions are assumed to exist in the resonator. These fluxes are described with the functions of time and space [1] . Assuming that in the active multi−core optical fibre the coupling occurs only between adjacent cores, the field vec− tor E m in the m−th core is the sum of the power conducted in the core and the power supplied to the core as a result of the coupling from adjacent cores. Assuming the equality of the propagation constants b m = b n = b, the following equation can be derived 
where A m (z) is the field amplitude of the m−th core, C is the coupling coefficient, and b is the propagation constant. The coupling coefficient can be determined on the basis of Eq. 
where E m (x,y) is the field distribution m−th core k is the wave vector, n(x,y) is the distribution of the cladding refrac− tive index, and n m (x,y) is the distribution of the m−th core refractive index. The coupling coefficient can be determined on the basis of Eq. (5). In the presented case, it has been analyzed the impact of partial exchange of the radiation generated in the fibre cores on the phase difference between particular emit− ters during development of the laser action in the fibre laser constructed on the basis of the 5−core optical fibre described in point 2. The time at which the initial one hundred pas− sages through a resonator take place is shorter in compari− son with the speed of pumping and the lifetime of the upper laser level (t imp << t, W P -1 ). At the time of interaction between the laser radiation pulse and the medium, the pro− cess of pumping "cannot be seen" and only the collection of energy from the medium occurs [1, 9] . Thus, it has been assumed that the medium is not pumped up. The following parameters have been used for calculations: 
where
is the photon flux propagating through a resonator "+" -positive direction and "-" -negative direction, k(z,t) = Dns e is the gain (cm -1 ), Dn = n i -n j is the population inversion, i is the upper laser level, j is the lower laser level, s e is the emission cross−section, r m is the mate− rial loss coefficient of the active centre (cm -1 ), j(z,t) is the power density of noise caused by spontaneous emission, and V S = c/n is the speed of the radiation propagation in active medium.
In the conducted analysis, the following elementary con− dition has been assumed 3J 1 (0) = 3J 3 (0) = 3J 4 (0) = 3J 5 (0) = J 2 (0), which ensures the faster development of the laser action in the second core (Fig. 2) . This occurs as a result of unequal pumping of particular cores, as well as unavoidable fluctuation of the active dopant concentration that appears in the process of forming the optical fibre. The changes of the radiation phase in particular cores with different cou− pling coefficients are presented in Fig. 5 .
Along with the rise in the number of passages of the photon flux through a resonator, the phase angle in each core approaches the value of the radiation phase in the se− cond core. Thus, the radiation generated in the remaining cores adopts the radiation properties of the core in which generation development is the fastest (the second core). For example, after 100 passages through a resonator with the coupling coefficient changing within the range C = 4-10%, the phase difference between radiation in particular emitters approximates zero. In the analyzed fibre laser, the exchange of min. 4% of the radiation generated between adjacent cores on the fibre length (L = 5 m) results that radiation in the five cores is phase−locked. Then, the field distribution in the Fraunhofer diffraction region takes the shape shown in Fig. 3 .
The impact of the coupling coefficient on the far−field radiation distribution after 20 passages through a resonator is presented in Figs. 8 and 9 . If the coupling coefficient amounts to C = 5%, a central high−intensity peak (supermode) is visi− ble even after 20 passages. The side lobes, however, are not symmetrical yet (Fig. 9) . The possibility of forming a super− mode in the far−field diffraction pattern can be also obser− ved even at the coupling amounting to C = 2%, its intensity, however, is definitely lower (Fig. 8) . radiated energy is found in asymmetrical side lobes overlapping the central peak.
Experiment
The composition of the aluminosilicate glasses used for cores and internal cladding was following: 57SiO 2 -(8−x)PbO -6Al 2 O 3 -6B 2 O 3 -3BaO -20(Li 2 O + Na 2 O + K 2 O)−xNd 2 O 3 (x = 0.5 mol%). Glasses were synthesized by a conventional melting and quenching method. Pure oxide materials (99.99%) were used to prepare glass batches in the investigated system doped with Nd 2 O 3 (99.99%). The glas− ses were melted in covered gold−platinum crucibles, in an electric furnace, at temperature of 1350-1450°C. The melt− ing time was 90 min. The melted mass of glass was poured into a brass mould preheated near the glass transition tem− perature and annealed at temperature range 400-450°C. Transparent and homogeneous glass rod without crystalliza− tion was fabricated and applied as cores in multi−core dou− ble clad optical fibres. Thermal stability of the fabricated glasses was confirmed by differential scanning calorimeter (Setaram Labsys). Rod in tube drawing method was applied to fabricate double clad, 5−core optical fibre. Luminescence measurement system consisted of pumping diode -HLU30FAC400−808P (l = 808 nm) with optical fibre out− put (400 nm, NA = 0.22), the laser beam forming system and monochromator (Acton Spectra 2300i). All the mea− surements were taken at room temperature. Figure 10 presents cross section and calculated lumi− nance distribution of the manufactured 5−core optical fibre. Large numerical aperture diameter of inner cladding and numerical aperture (NA inner cladding = 0.58) enables effective coupling pump laser diode with the obtained fibre. The luminescence spectra of the manufactured multi− −core fibre under excitation through inner cladding by laser diode AlGaAs (l = 808 nm) are shown in Fig. 11 . Emission bands at 900 nm ( 4 F 3/2 ® 4 I 9/2 ) , 1060 nm ( 4 F 3/2 ® 4 I 11/2 ) and 1330 nm ( 4 F 3/2 ® 4 I 13/2 ) were attained. Due to four−level quantum scheme operation, the optical transition ( 4 F 3/2 ® 4 I 11/2 ) related with luminescence band at 1060 nm is the most efficient. However, emission at 900 nm and 1330 nm, usually unparalleled in silicate glasses were also observable. ration in the active 5−core optical fibre. The impact of cou− pling between the cores in the multi−core optical fibre on the effect of radiation phase− locking has been analyzed. It has been proved theoretically that after one hundred passages of the photon flux through a resonator with the coupling coef− ficient changing within the range C = 4-10%, the phase dif− ference between particular cores approximates zero. In the analyzed fibre laser, while exchanging power of the gene− rated radiation between two adjacent cores on the fibre length (L = 5 m) within the range of 4-10%, the radiation becomes phased. Having satisfied the mentioned condi− tions, it should be possible to obtain a low−divergence high− −power laser beam (supermode) in the far−field diffraction region. Based on the presented analysis, authors manufac− tured Nd 3+ doped 5−core optical fibre with parameters ful− filling developed laser model structure. Optical fibre laser has not been realised yet, but promising strong lumines− cence of the fibre suggests its potential use as an active medium in fibre laser systems. 
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